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Gender and telomere length stratified by age above and below median

%

Study Age Age.cat €5 {95% Cl} Weight
Above Median

Cawthon,_2003 728 Above Median 6.23(009,055 211
Martin-Ruiz_ 2005 8.8 Above Median 020 (-0.87,-0.03) 2.81
Uniyn_2005 567 Abovs Median 024(0:08,057) 208
Bischoti_2006 814 Above Median 020(0.04,085) 289
Kimura,_2007 685 Above Median 0.22002,042) 276
Van der Harst_2007 662 Above Median 0.15(:0.19,050) 198
Halaschek_2008_Gran 763 Above Madian 0.14(0.14,042) 233
Hunt_2008 whites (FHS) 57 Above Median 022(0.16,028) 334
Jang_2008 59 Abova Median 0.19(-0.46,007) 240
Woo_2008 724 Above Median 0.26(0.18,035] 326
Diez Roux_2008 652 Above Median 0.30{0.18,042) 315
Kaptan_2009 biacks 725 Above Median C.4t (0.14,068) 236
Kaplan_2009 whites 752 Above Median 0.30(020,040) 321
Martin-Ruiz_2011 (Newcastle 85+) 855 Above Median 022 (-0.37.-0.08) 308
Dar_2012 (1950} 569 Above Median 0.11¢003,028) 307
Der_2012 (1930} 76 Above Madian 0.25(008,0.40) 287
HAS_w1 {unpublished) 67.5  Above Median -0.13(029,002) 298
LBC1921_wi (unpublished) 791 Above Median -0.60(-076,048) 294

Subtotal (squared = 50 2%, p = 0.000)

Below Median

0.08(-0.02,020) 49.86

0.20 (0.01. 0.39) 279

Q.07 (-0.26,0.41) 205
-0.74(-0.96,-0.51) 260
0.23{0.15,0.30} 3.30
0.24 (-0.01,049; 248
0401{0.26, 0.54) 3.06

6.02(:029,033) 218
007 £0.11,026) 284
042(001,08% 170
060{045,0.75) 299
0.07(-0.23,0.08) 296

Nawrof_2004 433 Below Modian

hordfjall_2005 556 Below Median
Adams_2007 E I —— a————
J Asklapios_2007 46 Below Median

Cronkhite_2008 558 Below Median

Hun_ 2008 blacks (FHS) 533 Below Median

Chen,_2009 blacks 37.7 Below Median

Chen_2008 whites 379 Below Median

Masda_2009 443 Below Median

Mangino_2008 © 486 Below Median

Nerdjall_2009 458 Below Median

Ren_2009 407 Below Median

Aubert_2012_Gran 436 Below Madian

Der_2012 (1970) 366 Below Median

Kingma_2012 (PREVEND) 433 Below Median

Mangino_2012 blacks (Hypergen) 634 Below Median
Mangine_2012 whites (Hypergen) 52.7 Below Median
NSHD_age 53 (unpublished) 535 Baiow Median
Subtotal {-squared = 92.4%, p = 0.000}

Ovarall (t-squared = 61.4%, p = 0.000}

NOTE: Welghts are from random effects analysis

-0.18(-0.41,005) 259
007 (0.03,0.17) 322
0.13(0.01,027) 308
0.08(0.04,0.18) 837
004(021,030) 244
0.270.17.036) 323
0.23(-0.31,-0.16) 3.30
009 (-0.02,020)  50.14

008 (001.017)  100.00

longer telomeres males

fonger telomeras famales

- Standardised difference in telomere length between females and males adjusted for age

Fig. 3. Stratified meta-analyses above and below median age for the association between gender and telomere length adjusted for continuous age.

© ) explanation for the fact that the Newcastle group found longer telo-
" meres in men in most of their analysed cohorts, using Real-time PCR
methodology.

Smaller measurement error in the TRF Southern Blot method as
compared to the Real-time PCR methodology might explain greater
consistency of findings between studies using the Southern blot tech-
nique (Aviv et al,, 2011). In a recent blinded study (Aviv et al,, 2011),
the inter-assay CV was much larger (6.45%) for the Real-time PCR meth-
od performed by the Blackburn group than that of the TRF Southern Blot
method as performed by the Aviv group (1.74%). However, this differ-
ence is probably not representative for the field as a whole. In the liter-
ature, inter-assay CV has ranged from 2.3% to 28% for Real-time PCR
methods and from 1.5% to 12% for TRF Southern Blot methods (Aviv
et al,, 2011). In the studies included here, where reported, coefficient
of variation ranged from 1.7% to 11.1% for Real-time PCR and from
1.4% to 12% for TRF Southern Blot. In a fully blinded comparative telo-
mere length assessment involving 10 different groups, many of which
also contributed data to the present analysis, median inter-assay CVs
were not significantly different between techniques (p = 0.86, in prep-
aration). Excluding the data with the lowest reported CVs generated by
the Aviv group had little impact on effect size (0.174, 95% Cl 0.045,
0.303, p < 0.01) or heterogeneity (I* = 59.6%, p < 0.03) for the South-
ern blot results, although the average of the reported CVs for the

remaining groups using the Southern blot technique was now 7.4%.
Therefore, differences between Southern blotting and the two other
techniques cannot be due to technology-specific random measurement
€erTor.

However, our results do not rule out the possibility of technology-
specific bias. Various types of polymorphisms will have technology-
specific impact on telomere length if measured by Southern blot versus
PCR or Flow-FISH. The most probable of these are polymorphisms
affecting the most distal recognition sites for the endonucleases Hinf1
and RSA1 typically used in TRF Southern blotting. Subtelomeric regions
exhibit high levels of sequence polymorphism and strong linkage
disequilibrium, leading to the existence of relatively few common hap-
lotypes (Baird et al., 1995, 2000). The most distal Hinf1/RSA1 recogni-
tion site at chromosome X,/Y,, for instance, is polymorphic, resulting
in an apparent increase in the length of this telomere if measured by
Southern blotting in this haplotype (Baird et al, 1995). Interstitial telo-
mere repeats are also highly polymorphic due to polymerase template
slippage, which can cause either insertion or deletion of hexameric
repeat units (Mondello et al., 2000). Both short {Ruiz-Herrera et al,,
2008) and long interstitial telomeric repeats are frequent in the
human genome, for instance an interstitial repeat at chromosome
22q11 displays length polymorphism ranging from 1 to 4 kb
(Samassekou and Yan, 2011). Such interstitial sequences will either
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~ Gender and telomere ‘l‘ehgthk stratified by measurement of telomere length

%

Study Age Measure ES (95%Cl Welght -
Real-tims PCR

Cavithon_ 2003 728 Reallime PCH 0.23(-0.08,055) 211
Martin-Rleiz_2005 808 Fealtime PCR 0.20 (-0.37, 0.03) 2.91
Nordfjall_2005 55.6 Bealtime PCR 0.07 (-0.26, 0.41)  2.05
Adams_2007 L — 0,74 (-0.95, 051} 2.60
Van der Harst_2007 66.2 Realtimé PCR 0.15(-0.18,0.50) 198
Jang. 2008 59 Reabtime PCR -0.18(-0.46,007) 240
Woo_2008 724 Reallime PCR 0.26(0.18,0.35) 3.20
Diez Roux_2009 85.2 Realtime PCR 0.30{0.18,042) 215
Nordfial_2009 459 Realtme PCR ~0.07 (-023,0.09) 296
artin-Ruiz_2011 (Newcastle 85+) 85.5 Realtims PCR -0.22{-0.87,-0.08) 3.03
Der_2012 (1970) 458 Realtims PCR 012 {-0.01,027) 305
Der_2012 (1950) 569 Realtime PCR 0.41{0.03,024) 397
Der_2012 (1930) ¥6  Realtime PCR 0.25(0.09,040) 297
Kingma,_2012 (PREVEND) 49.3 Realtims PCR 0.080.04,012) 337
HAS_w1t (unpublished) 67,5 Realtims PCR 0.13{-0.29,0.02) 298
LBC1921_ wi {unpublished) 79.4 Raaltime POR -0.60 (-0.76, -0.43) 2.4

MSHD_age 53 (unpublished) 535 Realtime PCR
Subtotal {-squared = 93.2%. p = 0.000)

TRF Southern Blot

-0.23{-0.31,-0.16) 3.30
-0.05{-0.17,007) 48.13

0200.01,039) 279
0.24 (-0.08.067) 208
020 (0.04,0.35) 299
0.23(0.15,030) 830
022(0.02.042) 275
0.24(001.0.49) 248
0.40(026,054) 306
022(016,028) 334

Nawrot, 2004 433 TAF Southiern Biot
Uniyn_2005 §6.7 TAF Southern Blot
Bischolf_2006 81.4 TRF Souihern Blot
AsKieplos_2007 46 TRF Southem Blot
Kimura_2007 £95 TRF Souther Biot
Cronkhite_2008 55.8 TRF Southem Blot
Hunt_2008 blacks (FHS) 533 TAF Southem Blot
Hunt_2008 whites (FHS) 57  TAF Southem Blot
Chen_2009 blacks 37.7 TRF Southarn Blot
Chen_2008 whites. 27.8 TRF Southern Blot
Kapian_2008 blacks 725 TRF Southem Biot
Kaplan_2008 whiles 752 TRF Souther Blot
Iaeda 2008 443 TAF Southern Blot
Mangino_2008 48.6 TRF Southern Biot
Ben_2009 40.7 TRF Southern Blat

Mangino_2012 biacks {Hypergenj 53.4 TRF Southem Biot
Mangino_2012 whites {Hypsrgen) 527 TRF Southern Blot
Subtotal (squarad = 88.8%, p = 0.500)

Flow Fish

Hatasehek_2008_Gran 78.3 Flow Fish
Aubert_2012_Gran 43,6 Flow Fish

Subtotal (l-squared = 0.0%, p = 0.653)

Overall (-squared = 91.4%, p = 0.000}

NOTE: Welghts are from ranxom sftects sﬁafﬁs

0.02(0.29,039) 218
0.07 ¢0.11,0.26) 2584
0.41(0.14,068) 236
£.30(0.20,040) 321
042(001,083 170
060 (0.45,0.75) 298
018041, 0.05) 2.59
0.04 (021,030) 244
0.27 (0.17,088) 323
024(0.17,081)  46.32

0.14 (-0.14, 0.42) 233
0.07 (-0.08,0.17) 322
0.08 (-0.02,017} 555

0.089 (0.01,047) 10000

longer telomeres males

longer lefomeres females

Standardised difference in telomere length between females and males adjusted for age

Fig. 4. Stratified meta-analyses by method of measurement of telomere length for the association between gender and telomere length adjusted for continuous age.

not contribute to the Southern blot signal at all (short interstitial
sequences) or register as short telomere. In contrast, they will
always increase the apparent average telomere length measured by
PCR or Flow-FISH. In birds, the amount of interstitial telomeric
sequence was substantial as compared to the actual telomeres and
highly variable between species. Most importantly, it was also highly
variable between individuals (Foote et al.,, 2013). It is not known
whether frequencies of any of these polymorphisms might be
gender-specific in humans. Finally, Hinf1/RSA1 are .not fully
methylation-insensitive, both may be blocked by overlapping CpG
methylation. Telomeres tend to be transcriptionally silenced and
hyper-methylated, however, this is a regulated process as evident
in the human ICF syndrome, where hypomethylation due to lack of
the DNA methyltransferase DNMT3b causes abnormally high levels
of telomere repeat containing RNA (TERRA) and complete failure of
telomere maintenance (Deng et al., 2010). Subtelomeric hypomethy-
lation in endothelial cells was associated with apparent telomere
lengthening as measured by Southern blot (Maeda et al., 2013). X
inactivation in females might thus be expected to skew a subpopula-
tion of telomeres towards apparently larger sizes if measured by
Southern blot. Whether subtelomeric CpG sites on other chromo-
somes are differentially methylated between the sexes is not known
but possible. :

4.2. Strengths and limitations

This large scale systematic review and meta-analysis éxamining the
association between gender and telomere length includes data from 40
datasets. We have followed a strict protocol, testing a priori hypotheses,
have included several unpublished cohorts, have standardised regres-
sion coefficients and have undertaken a series of sensitivity analyses.
We have thus aimed to minimise a range of biases including publication
and selection bias. We requested that authors performed their analyses
in a standard way, so limiting the heterogeneity caused by variation in
analysis. Furthermore, possible sources of heterogeneity include the
differences in' the protocols for measuring telomere length, which
might have biased the associations. We aimed to overcome such differ-
ences by standardising the regression coefficients and by running sensi-
tivity analyses including raw telomere length data and transformed
telomere length data (log.). We adjusted for age as a potential con-
founder. Other potential confounders include race, BM!I and smoking
status (Chen et al,, 2011). Findings suggest leukocyte telomeres are
longer in African Americans than in whites (Hunt et al.,, 2008), hence
where available (Hunt et al,, 2008; Chen et al.,, 2009; Kaplan et al.,
2009) we stratified analyses by race. Shorter telomeres have been
shown in some studies to be associated with obesity (Nordfjall et al,,
2008b) and smoking Valdes et al., 2005), Only a small number of studies
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Gender and telomere length stratified by cell type

%

ES(95%Cl)  Weight

Study Age Cells
Whole Blood
Cawthon_2003 72.8 Whole Blood
Nawrot_2004 43.3 Whele Blood
BischoH_2006 81.4 Whole Blood
Askiepios_ 2007 46 Whole Blood
* Kimura_2007 69.5 Whole Blood
Yan der Harst_2007 6.2 Whole Blood
Cronkhite_2008 56.8 Whole Blood
Hunt_2008 blacks {FHS) £3.3 Whele Bload
Hunt_2008 whites (FHS) 57  Whole Blood
Woo_2008 72.4 Whole Blood
Chen_2008 blacks 37.7 Whole Blood
Chen_2009 whites 37.8 Whole Blood
Diez Roux 2009 65.2 Whole Blood
Kaplan_2009 blacks 72.5 Whole Blood
Kaplan_20089 whites 75.2 Whole Blood
Mangino_2008 48.6 Whole Blood
Ren_2008 40.7 Whole Blood
Martn-Ruiz_2011 (Newcastie §5+) 85.5 Whole Blood
Der_2012 (1970} 36.6 Whole Bleod
Det_2012 (1950} 56.9 Whole Blood
Der_2012 (1930) 78  Whole Blood
Kingma_2012 (PREVEND) 49.3 Whole Blood

Mangino_2012 blacks (Hypargen) 53.4 Whole Blood
Mangino_2012 whites (Hypsrgen) 52.7 Whole Blood
HAS_w1 (unpublished) 67.5 Whole Bleod
LBC1921_ wi {unpublished) 79.1 Whele Blood
NSHD_age 53 (unpublished) ~ 53.5 Whole Blood
Sublotal (i-squared = 21.9%, p = 0.000)

PBMC

Martin-Ruiz_2005 89.8 PBMC

Nordfjall_2005 56.6 PBMC

Unryn_2005 56.7 PBMC s
Adams_2007 50  PBMC  swmsmemfmmmmames
Maeda_2008 44.3 PBMC

Nordfjall_2009 45.8 PBMC

Subtotal {-squared = 87.9%, p = 0.000)

Granufocyte

Halaschek_2008_Gran 78.3 Granufocyte
Aubert_2012_Gran 43.6 Granulocyte
Subtotal (i-squared = 0.0%, p = 0.653)

Lymphaocyte

Jang_2008 59  Lymphocyte
Subtotal (bsquared = %, p=.)

Overall (squared = 91.4%, p = 0.000)

0.23(-0.09,0.55) 2.11
0.20(0.01,0.39) 279
0.20 (0.04,0.35) 2.99
0.23 (0.15,0.30) 3.30
0.22(0.02,042) 275
0.15 (-0.19,0.50) 1.98
0.24 (-0.01,0.49) 2.48
0.40 (0.26,0.54) 3.06
0.22(0.16,0.28) 3.34
0.26 (0.18,0.35) 326
0.02 (:0.28, 0.33) 2.18
0.07 (-0.11,0.26) 2.84
030 (0.18,0.42) 3.15
0.41(0.14,0.68) 2.36
0.30 (0.20,0.40) 3.21
0.60 (0.45,0.75) 2.99
20.18 (-0.41, 0.05) 2.59
0.22 {-0.37, -0.08)3.03
0.13(-0.01,0.27) 8.05
0.11(-0.03,0.24) .07
025 (0.09, 0.40) 2.97
0.08 (0.04,0.12) 3.37
0.04 (-0.21,0.30) 2.44
0.27 (0.17,0.36) 3.23
0.13 (-0.29, 0.02) 2.98
-0.60 (-0.76, 0.43)2.94
-0.23 (-0.31, 0.16)3.30
0.13 (0.5, 0.21) 77.76

-0.20 ¢-0.37, -0.08)2.91
0.07 (-0.26,0.41) 2.05
0.24 (-0.08,0.57) -2.08
074 (-0.96, 0.51)2.60
0.42{0.01,0.83} 1.70
0,07 (-0.23, 0.09) 2.96
0.07 {-0.35, 0.21) 14.80

0.14 (:0.14,0.42) 2.33
0.07 (-0.03,0.17) 3.22
0.08 (:0.02,0.17) 555

.18 (-0.46, 0.07) 2.40
-0.18 (-0.46, 0.07) 2.40

0.09 (0.01,0.17}  100.00

NOTE: Weights ars from random effects analysis

-84

wnéer telomeres males

o i et

-longer telomeres females

Standardised difference ih telomere length between females and matés'adjusied forage

Fig. 5. Stratified meta-analyses by cell type for the association between gender and telomere length adjusted for continuous age.

included data on. BMI and smoking status and we decided against
requesting further adjustments for BMI and smoking status as this
might lead to inconsistencies in adjustments. In addition to the charac-
teristics investigated, it is possible that other factors might vary
between studies, for example epigenetic status, proinflammatory state
and pathogen challenge. All these factors interact with each other and
with telomere length (Aviv et al.,, 2006; Bekaert et al,, 2007; Shiels,
2010; Shiels et al,, 2011) and could result in heterogeneity.

We also undertook several sensitivity analyses- including a control
for measurement error by only including those studies with intra- or
inter-assay CV measures and for four studies we included telomere
length measures at phases 1 and 2 (up to 10 years apart) and we repeat-
ed the associations in separate meta-analyses at the two phases. For
each of these sensitivity analyses, gender was still associated with telo-
mere length, with females having longer telomeres than males. We did
not assess the quality of the included studies, as quality assessment in
meta-analysis of observational studies is controversial (Stroup et al,,
2000). Although this was a large systematic review and meta-analysis,
we might still have been underpowered for the sub-group analyses
and meta-regression. Hence whilst the funnel plots and formal tests
for publication bias gave no strong evidence for publication bias, these
still need to be interpreted with caution. Mean ages in the study ranged
from 36.6 & 0.4SD years to 89.9 4 3.2SD years, hence a limitation was
that there were few studies at younger ages. We adjusted for age as a
potential confounder but other potential confounders including BMI,

smoking status and epigenetic status might have affected the strength
of the associations. Furthermore, variation in these characteristics
between the studies might result in heterogeneity.

5. Conclusion

Telomere length was longer on average in females than males and
the strength of these associations varied by measurement method but
not by age group: Southern blot was the only technique showing an
unequivocal sex difference, This difference cannot be explained by
differential random measurement error, but might be due to method-
specific bias. Direct comparison of Southern blot results with at least
one of the other methods in the same participants would help to clarify
whether there are real sex differences in telomere length.

Supplementary data to this article can be found online at http://dx.
doi.org/10:1016/j.exger.2013.12.004.
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ARSTRACT KEYWORDS
The effects of heat on vascular endothelial cells are studied. Telomere of Vascular endothelial cell;
human umbilical venous endothelial cells (HUVECS) cultured at 42°C was Telomere;
studied. The expression of several factors concerning to telomere Heat shock protein.

maintenance and vascular endothelial physiology was analyzed.
HUVECs were cultured for 1 day or for 3 days under 42°C. Their telomere
lengths and telomere length distributions were analyzed and compared
with those at 37°C. The telomerase activity and the expression of telomere-
associated RNA, telomere-associated proteins (TERC, TERT, TRF1, and
TREF2), heat shock proteins (Hsp60, Hsp70, and Hsp90) and endothelial
nitric oxide synthase were also analyzed.

The cell growth was suppressed both on day! and on day3 at 42°C.
Unexpectedly, however, the cell senescence rate was elevated only on day!
at42°C, compared to that at 37°C. The mean telomere length was not different
between at 37°C and at 42°C, whereas in the telomere length distribution long
telomere decreased and middle-sized telomere increased only on dayl at
42°C. Telomere-associated proteins, heat shock proteins, and NOS were up-
regulated at dayl, and the up-regulation disappeared at day3.

The results suggested that long telomeres were affected and various genes
are up-regulated in reaction to elevated temperature, and that the cells
surviving through the prolonged exposure to heat lose the early responses.
The cell subpopulation bearing long telomere seemed more sensitive to
heat stress. The observed initial up-regulation of telomere-associated
proteins and others showed an aspect of heat responses of vascular
endothelial cells. Among the responses, some seemed to be favor for the
biological function and the survival of vascular endothelial cell, for example,
the upregulation of telomerase activity and the elevated expression of TERT,
heat shock protein, and NOS. In addition, an upregulation was maintained
uniquely in Hsp70 at a later stage of heat exposure. This observation
implicates that the upregulation of Hsp70 play an important roll for cell
survival under prolonged heat stress.

© 2014 Trade Science Inc. - INDIA
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INTRODUCTION

Telomere consists of repetitive DNA sequence with
accessory protein components (TRF1, TRF2, and oth-
ers) capping the terminals of chromosome!™.. It is well
known that telomere DNA shortening proceeds at ev-
ery cell cycle due to a duplication process yielding a
little shorter DNA strand. The telomere length of so-
matic cells is negatively affected by stress factors in-
cluding oxidative stress?. Pathological mental and
physical stress accelerates telomere attrition?. Telom-
ere shortening is considered to occur in somatic cells
with aging through many rounds of cell cycle and patho-
logical stress®!. On the other hand, there is a telomere-
elongating cellular mechanism, which functions in lim-
ited cases. Telomerase consists of a protein compo-
nent of reverse transcriptase (TERT) and a RNA part

(TERC). Telomerase contributes the telomere elonga-
tion or telomere length maintenance in unique cell popu-
lation with active mitotic potential, such as cancer cells,
stem cells, and reproductive cells. Generally, the te-
lomere activity is, however, suppressed to a low level
in the somatic cells, which is not enough to prevent the
telomere shortening with cell divisions. Telomerase ac-
tivity is also affected by stress factors. However, the
effect of heat stress on telomere length or telomerase
has not been well studied. Heat shock proteins (Hsp)
are ubiquitously synthesized in virtually all species and
it is hypothesized that they might have beneficial health
effectstl. In response to stress stimuli, mammalian cells
activate a signaling pathway leading to the transient ex-
pression of heat shock proteins (Hsp). Hsp’s are a family
of proteins serving as molecular chaperones that pre-
vent the formation of nonspecific protein aggregates and
assist proteins in the acquisition of their native struc-
tures. Physiologically, Hsp’s play a protective role in
the homeostasis of the vessel wall consisting of endot-

helial cells and smooth muscle cells®™. Previous reports.

have shown that heat-associated vasodilatation is as-

sociated with vascular NO synthesis!®!. Vascular en-

dothelial cells express endothelial nitric oxide synthase
(eNOS). eNOS mediates NO synthesis in vascular

endothelial cells, which relaxes the surrounding smooth -

muscle cells of vascular wall to vasodilatation. NO syn-
thesis has been regarded as a functional marker for vas-

cular endothelial cells. We pursued the heat-associated
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alteration in the vascular reactivity for vasodilatation of
cultured HUVECs by assessing the eNOS expression
level of HUVECs under heat-exposure. Heat-associ-
ated effects on genomic DNA including telomere ero-
sion, have not been well investigated. Here we ana-
lyzed telomere DNA, and the expressions of telomere-
associated components, heat shock proteins and nitric
oxide synthase in reaction to heat-stress by using vas-
cular endothelial cells in culture exposed to heat.

MATERIALS AND METHODS

Cell culture

 Human umbilical venous endothelial cells (HUVEC)
were purchased from Clonetics Corp. (San Diego, CA).
The cells were cultured in endothelial cell growth me-
dium (Clonencs Corp.)at 37°C or 42°C and 5% CO,
in a gelatin-coated flask (Iwaki Glass, 2 Chiba, J apan)
Culture media were refreshed every 24 h. Onday 1 or
3, the cells were collected and were counted using a
hemocytometer. Population doublings (PDs) were cal-
culated using the formula: PD=[log (expansion)/log2],
where expansion was the number of cells harvested di-
vided by the initial number of cells seeded.

Senescence-associated ﬁ—gaiaet@sgfﬁase (SA-B-
(Gal) expression

The cells were washed in PBS, fixed for 10 min at
room temperature in 2% formaldehyde/0.2% glutaral-
dehyde, and incubated at 37°C (no CO,) with fresh
SA--Gal staining solution containing Img/mL of X-
gal, pH 6.0 for 12h. One hundred cells were scored
from each well (plate) using a light microscope.

Telomere deiesiwn

‘Telomere detection was per formed as previously
described!™. Blood cell DNA was extracted from
samples and the DNA (0.1ug) were digested with Mspl.
The dlgests (10ul) were subjected to Southern blot hy-
bridization with a telomere DNA probe. The autorad-
iogram was captured on an Image Master, and the te-
lomere length was then assessed quantitatively. Every
sample was measured in triplicate.

Termiﬂai‘ieﬂgth{"{‘i}a&aiysig :

Telomere length distribution was analyzed by com-
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paring the telomere length using a telomere percentage
analysis with three intervals of length (>9.4,9.4>>4 4
and <4.4kb) as defined by a molecular weight stan-
dard as previously described™. The percent of the strati-
fied intensity in each molecular weight range was mea-
sured. The mean TL was estimated using the formula
S(ODi - background) S(ODi —background/Li), where
ODiis the chemiluminescent signal and Li is the Iength
ofthe TRF fragment at position i.

Semiquntitative RT-PCR for TERC RNA

Total RNA samples were extracted using RNAzol
B (Teltest). mRINA for human telomerase RNA com-
ponent (TERC) was determined by RT-PCR using a
DIG detection system (Roche Applied Science). Each
human ¢cDNA was produced by RT-PCR according to
each human-derived sequence. For the amplification of
[-actin cDNA, the forward primer B-actin (205bp) 5°
-CCTTCCTGGGCATGGAGTCCT-3" and the re-
verse primer 5’-GGAGCAATGATCTTGATCTTC-3
were used according to the published human TERC
c¢DNA sequencel®. And TERC forward primer 5'-
TCTAACCCTAACTGAGAAGGGCGTAG-3' re-
verse primer 5'-GTTTGCTCTAG
AATGAACGGTGGAAG-3" were used”!. The values
for TERC mRNA levels were normalized to the 3-ac-
tin mRNA level in the same sample. The PCR products
were directly synthesized from 2 pg of total RNA iso-
lated from each sample using the Superscript one-step
RT-PCR system with Platinum 7aq (Invitrogen) and
gene-specific primers according to the recommenda-
tions provided by the supplier. The PCR products were
analyzed by agarose gel electrophoresis (1.3%) followed
by staining with ethidium bromide and scanning with
Gel-Doc (Bio-Rad). For semiquantitative PCR, 3-ac-
tin was used as an internal control to evaluate total RNA
input, as described by our group!*®l.

Western blot and other analyses

Cells from a dish were homogenized with 100pul
lysis buffer (100mM Tris pH 6.8, 4% SDS, 20% glyc-
erol containing the protease inhibitor, M
phenylmethanesulfonyl fluoride, 0.1mM, leupeptin,
0.1pl, and aprotinin, 0.1ul). Gel electrophoresis was
used to separate 10pg protein on a 10% SDS-poly-
acrylamide gel. Proteins were transferred to nitrocellu-

lose membranes (162-0112, Bio-Rad Labo-ratories,
Hercules, California) blocked with 5% dry milk or
blocking solution for Western blot (Roche). Membranes
were blocked and incubated with antibodies against
telomerase reverse transcriptase (TERT) (Rockland),
TRF1 (Imgenex), TRF2 (Cell Signaling), Hsp60 (As-
say designs), Hsp70 (Assay designs), Hsp90 (Enzo),
eNOS (BD Biosciences), phospho-eNOS (Cell Sig-
naling), or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Santa Cruz Biotechnology). Detection was
performed with secondary horseradish peroxidase-con-
jugated antibodies (Chemicon) and the ECL detection
system as previously described!"l. The relative expres-
sion levels were determined compared to that of
GAPDH.

Telomerase activity

Telomerase activity was examined by means ofa
modified telomerase repeat amplification protocol
(TRAP) method with TeloChaser (Toyobo, Osaka,
Japan), as previously described!™.,

Statistical analysis

Assays were repeated three times and analyzed sta-
tistically. The normality of the data was examined with
the Kolmogorov—Smirnov test and the homogeneity of
variance with the Levene Median test. If both the nor-
mal distribution and equal variance tests were passed,
intergroup comparisons were performed using a two-
way analysis of variance (ANOVA) test followed by all
pairwise multiple comparison procedures using Tukey’s
post hoc test. The data are expressed as the
meantstandard deviation. The criterion for the signifi-
cance is p<0.05.

RESULTS

Population doubling (PD) and Cell senescence

The PD of the HUVECs was assessed on day 1
and day 3 of culture. At 37°C, the PD was elevated to
~1.6 ondayl and the PD value was maintained on day3.
At42°C, initially the PD was elevated to ~1.2, but de-
creased steeply to ~0.2 on day3 (Figure 1a).

Senescence-associated [3-galactosidase (SA-B-
Gal) expression was observed in ~2% of cells on day1
and ~1% on day3 at 37°C, and ~4% on dayl and
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~2% on day3 at 42°C (Figure 1b).

The PD value did not increased at 37°C, and de-
creased at 42°C during dayl and day3. This apparent
suppress of cell growth might be derived partly from
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Figure 1 : The popuiation doubling (PD) and the ratio of
senescence-asseciated b-galactosidase (SA-B-Galy staining
of HUVECs cultured in the presence of H,O,
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damaged subpopulation during cell preparation before
starting culture being left. The elevated cell senescence
on dayl both at 37°C and at 42°C supported this idea.
The difference between PD and cell senescence were
derived from heat stress, and cells were suppressed in
growth potential at 42°C. Cell population survived
through the heat condition of 42°C for 3 days bore a
similar proportion of senescent cells as at 37°C. This
indicated that heat-sensible cells were completely eradi-
cated during dayl and day3 at 42°C. As aresult, heat-
durable cells survived on day3 at 42°C.

The mean TRF level éﬁﬁ its distribution

The mean TL’s of HUVECs were measured to as-
sess how much high temperature condition affected the
telomeric DNA (TABLE 1). At42°C, long telomere
(>9.4kb) decreased on dayl and middle-sized telom-
ere (9.4kb-4.4kb) increased. These differences be-
tween 37°C and 42°C disappeared on day3. The pro-
portions between values at 37°C and those at 42°C
were also compared to pursue the heat-specific changes
from day! to day3 (TABLE 2). The decrease of long
telomere and the increase of middle-sized telomere were
observed only on dayl and the short telomere (<4.4kb)
was not significantly affected. These changes of TL dis-
tribution disappeared on day3. Unexpectedly, cells with
longer telomere seemed more easily affected by heat
stress, compared to those with shorter telomere.

TABLE 1 : The telomere length and the telomere length dis-
tribution of HUVECs exposed to heat

37°C 42°C
Dayl  Day3 Dayl Déy3
Mspl-TL(kb) =~ 9.2+1.0 8.7+0.3 83+1.0 89+0.6
>9.4kb(%) . 5148 46+1  39+11% 4945
9.4-4 4kb(%) 4746 5142 59+10% 4843
<4.4kb(%) 243 3+2 2+1 442

#*37°C vs42°C p<0.05

TABLEZ : The proportional values of telomere iengﬁl pamnp
efersat42°C campare{i tothose at 37°C

, 'p-value

, Dayl - Day3
Mspl-TL 0.90+0.11 1.024+0.07 0.06
>9.4kb 0.76+0.21 1.0640.10 0.01
94-44kb 1 26+0.20 0.93+0.06 0.01
<4.4kb 1.01++0.74 1.2140.69 0.63

<
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Telomerase activity

The telomerase activity of HUVECs at 37°C and
42°C was evaluated by TRAP assay (Figure 2). Aver-
age value of TPG at 37°C was put as 1(1+0.66 for
1day, 1+0.2 for 3days). The relative TPG7s at 42°C
were 1.32+0.84 on dayl and 0.57+0.28 on day3.
Thus, the relative telomerase activity of HUVECs at
42°C was maintained on day! (p=0.71) but signifi-
cantly decreased on day3 (p=0.03). Telomerase activ-
ity decreased under prolonged heat stress at 42°C.

lday 3days

PC NC 37°C 42°C PC NC 37°C 42°C
The photographs of representative TRAP assay results are
shown. The materials used for the positive control (p¢) and
negative control (nc) were provided with the kit

Figure 2 : The telomerase activity of endethelial cells in the
presence of H O,

Expression of telomere-associated components
and others

All the three telomere-associated components
(TERT, TRF1, and TRF2) except TERC were up-regu-
lated on day1, thereafter were down-regulated on day3.
TERC did not seem to be affected by heat in the ex-
pression. (Figure 3, TABLE 3).

All the analyzed heat shock proteins (Hsp60, hsp70,
and hsp90) were up-regulated at 42°C on dayl and

tday 3days
ITC 42 IPC 420
TERT = ’
o -
TRF1
W S
TRF2
T e, R -
Hsp70
g Eo pe—
Hsp%0
- D v Y
eNOS e
phospho-eNOS
GAPDH
g o W
e S

The representative Western blot results of telomere-associated
proteins (TERT, TRF1, and TRF2), heat shock proteins (Hsp60,
Hsp70, and Hsp90) and a TERC RNA RT-PCR result are shown.
The relative expression level of each component is shown in
TABLE3

Figure 3 : The expression levels of TERC, telomere-associ-
ated proteins, heat shock proteins, and NOS of HUVECs cul-
tured on dayl and day3 at different temperatures

TABLE 3 : The proportional values of the expressions of the

telomere-associated components, heat shock proteins and
eNOS at 42°C compared to those at 37°C

Dayl Day3 p-value
TERT 1.80+0.32 0.25+0.14 0.01>
TRF1 1.43+0.19 0.44+0.25 0.01>
TRF2 3.93+1.45 1.19+1.67 0.06
Hsp60 2.35+0.58 0.17+0.11 0.02
Hsp70 2.73+0.08 1.46+0.08 0.00
Hsp90 3.35+1.43 0.89+1.46 0.08
eNOS 2.43+0.52 0.25+0.04 0.02
TERC 0.95+0.27 1.86+1.66 0.44

The photo results are shown in Figure 3. The relative expres-
sion levels were determined by the proportion of each band
density to that of B-actin or GAPDH (set at 1 each), B-actin
(RNA) for TERC and GAPDH (protein) for western results
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down-regulated day3. However, only hsp70 still kept
asignificantly higher expression level at 42°C compared
toat 37°C.

eNOS and phosphorylated eNOS showed a simi-
lar alteration, they were up-regulated at 42°C on dayl,
but down-regulated at 42°C on day3 to below the level
at 37°C on day3.

DISCUSSION

Biological stress has been reported to induce nega-
tive effects on the maintenance of telomere length in
various cellsiBl, However, heat stress-associated
telomeric changes have not been well investigated, so
far. In the present study, HUVECs were used to ana-
lyze the telomere-associated alterations induced at 42°C.
Cell growth was suppressed at 42°C especially on day3.
The proportion of senescent cells elevated indeed on
dayl at 42°C but returned to a same level as at 37°C
on day3. This observation indicated that a heat-sensi-
tive cell population diminished during 3-day-exposure
t0 42°C, and a heat-resistant population survived until
day3. In the telomere length distribution, apparently long
telomere decreased and telomere of medium size (4.4-
9.4kb) increased at 42°C on day1. This indicated that
growth rate was suppressed more in cells with long te-
lomere than those with short telomere under exposure
to heat-stress in an early stage of heat exposure. The
shortest range of telomere (<4.4kb) showed an increas-
ing trend of increase at 42°C on day3, although it was
not significant. A part of cell population bearing short
telomeres might be damaged and diminished at 42°C,
resulting in non-clear increase of them on day3. The
grown subpopulation at 42°C by day! seemed to di-
minish by day3, because the TL distribution of the sur-
vived cell population at 42°C on day3 returned to a
similar pattern at 37°C on day3.

This suggested that a subpopulation of cells with
short telomere grew initially in heat-exposure but lost
the heat-endurance during a prolonged heat exposure.
The mechanism of the apparent heat-associated growth
suppression of cells with long telomere is not clear, so
far. Cells containing long telomeres, i.e., young cells,
may be equipped with an unknown mechanism sup-
pressing cell growth under a heat-stressed condition,
possibly being a favor for the cell survival.

Regular Paper

All the analyzed proteins up-regulated on day! at
42°C. The survived cells for 3 days at 42°C revealed
an elevated expression of Hsp70, and maintained the
expression of TERC, TRF2, and Hsp90. All the oth-
ers, TERT, TRF1, Hsp60, and NOS were suppressed
in expression at 42°C. The expression of Hsp70 might
contribute to survival advantage under a prolonged heat-
exposure. We here show that an up-regulation after 3-
day-culture at 42°C is maintained only in Hsp70 among
analyzed heat shock proteins. Heat shock protein70
(Hsp70) protects cellular elements from injury by re-
ducing oxidation, inflammation and apoptosis and by
refolding damaged proteins. Hsp70 improves viability
of stressed vascular smooth muscle cells, possibly via
its chaperone functions!™, The beneficial effects on cell
viability are here shown to contribute not only to vas-
cular smooth muscle cells but also possibly to vascular
endothelial cells.

The expression of NOS was up-regulated in an early
stage of heat-exposure and was down-regulated later.
This suggested that heat-stress had an inducible poten-
tial for NOS expression. NOS has been reported to
contribute to vasodilatation, and so heat exposure would
result in vasodilatation'®. However the vasodilatation
by NOS would diminish after prolonged heat expo-
sure. The heat-associated alterations of NOS expres-
sion seemed rather to result in changing vasodilatation
potential than contribute to survival advantage for heat
stress. Lo , I

Longer telomeres seemed transiently affected un-
der exposure to heat stress. However, prolonged heat
exposure did not leave a persistent altered pattern of
telomere length distribution. In contrast to the growth
suppression and the down-regulation of various pro-
teins including telomere-associated proteins, other heat
shock proteins, and NOS, only Hsp70 up-regulated
persistently under heat stress. Hsp70 may be a strong
survival factor for heat-damaged cells. Further study is
necessary to confirm the vascular cellular heat-resis-
tance associated with Hsp70.
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RESTRACT

To assess the effect of X-irradiation on somatic cell, we analyzed the
telomeric changes of cultured human umbilical venous endothelial cells
(HUVECSs) induced shortly after low-dose X-irradiation. The effect of X-
irradiation on HUVECs was assessed by the analysis of the changes in
telomere length, telomerase activity, and the expression of telomere-
associated proteins after 2 to 8Gy X-irradiation. The cell growth activity
decreased, whereas the telomerase activity of the surviving cells decreased
only at low X-ray doses. The expression levels of telomere-associated
components, TRF1 and TRF2, increased in the surviving cells. As the X-
ray dose level increased, senescent cells increased. However, the mean
telomere length of the surviving cells became longer, long telomeres
increased, and short telomeres decreased. These observations suggested
that X-irradiated HUVECs bore telomeric features similar to those of young
cells, and the cells bearing short telomeres, i.e., aged cells, were selected
out. The surviving cells that had gone through low dose X-irradiation
might represent a radiation-resistant feature of telomere conditions. The
telomeric changes at low dose X-ray disappeared at a high dose. Higher
dose of X-irradiation might induce a cellular protective reaction against X-
ray-induced cell damage through the restoration of telomerase activity and
up-regulated telomere-associated proteins.

© 2014 Trade Science Inc. - INDIA
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INTRODUCTION

A telomere is a structure consisting of thousands of
repeats and accessory peptide factors located at the
termini of human chromosomes!'?. Telomeres become
shortened gradually because of the incomplete DNA
duplication at the chromosome ends at each cell cycle.
Such telomere shortening has been observed in periph-

eral blood nuclear cells with aging®*!. The elderly have
shorter telomeres in their somatic cells. Telomere short-
ening is accelerated by physical and mental stress with
disease conditions!®13,

X-ray exposure has been reported to induce
cytopathological effects. X-irradiation to induce telom-
ere-associated cell senescence among different kinds
of transformed immortal cells derived from fibroblasts,
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lens epithelial cells, endothelial cells, chondrocytes or
keratinocytes!™1#, All these previous reports concern-
ing to telomere conditions affected by X-irradiation have
described about cancer cells or immortalized cells. In

addition, vascular endothelium has not been well ana-
~ lyzedinterms of X-ray-induced genotoxic effects in-
cluding telomeric changes.

The aim of the present study was to elucidate how
the different doses of X-irradiation affect the telomeric
features including the telomere length, and the function
and the expression of telomere-associated components
(TERT, TERC, TRF1 and TRF2) of non-transformed
vascular endothelial cell in vitro.

"MATERIALS AND METHODS

Cell culture

Human umbilical venous endothelial cells (HUVEC)
were purchased from Clonetics Corp. (San Diego, CA).
They were cultured in endothelial cell growth medium
(Clonetics Corp.). The cells were cultured at 37! and
5% CO, in a gelatin-coated flask (Iwaki Glass, 2 Chiba,
Japan), and routine subcultivation was done every 2 days
with a split ratio of 1:4, and used at the third passage.
Cells were counted at this stage. They were X-irradiated
2Gy/min. On day 3 after the irradiation, the cells were
collected and subjected to further analyses. Cells were
counted using a hemocytometer. Population doublings
(PDs) were calculated using the formula: PD=[log (ex-
pansion)/log 2], where expansion was the number of cells
harvested divided by the initial number of cells seeded.

X-firadiation

X-rays were delivered from a soft X-ray generator
(SOF-TEX M-150WE, Japan) operating at 100kVp
and 3.5mA. The cells in the cell culture dishes were
placed on an irradiation stage 30cm from the radiation
source. The corresponding dose rate was 2Gy/min.

Senescence-associated Smﬁaiaciﬁsxéase (8A- S -
Gal) expression , : :

The cells were washed in PBS, fixed for 10min at
room temperature in 2% formaldehyde/0.2% glutaral-
dehyde, rinsed in PBS, and incubated at 37 [ (no CO,)
with fresh SA-B-Gal staining solution. The staining so-
lution was made up as follows: 1mg X-gal, per ml solu-
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tion, SmM potassium ferricyanide, SmM potassium fer-
rocyanide, 2mM MgCl,, 150mM NaCl, and 40mM
citric acid and sodium phosphate at pH 6.0. This solu-
tion was left on the cells for 12 h to achieve the maxi-
mum staining. Hundred cells were scored from each
well (plate) using a light microscope.

Telomere detection

Telomere detection was performed as previously
described™. Restriction enzyme Mspl was used. Mspl
recognizes and cuts tetranucleotide CCGG. Briefly,
blood cell DNA was extracted from samples using and
the DNA (0.1pg) were digested at 37°C with 1U Mspl
for 2h. The digests (10ul) were resolved by agarose

- gel-electrophoresis, and transferred by Southern blot-

ting to a positively charged nylon membrane (Roche

_Dlagnostlcs Mannheim, Germany). The blotted DNA

fragments were hybridized to a hyper-sensitive probe
of 500bp long (TTAGGG)n labeled with digoxigenin.
The membrane was then incubated with anti-
digoxigenin-AP-specific antibody. The telomere probe
was visualized by CSPD (disodium 3-(4-methoxy-spiro
{1,2-dio-xetane-3,2'-(5'-chloro) tri-cyclo [3.3.1.1]
decan} -4-yl) phenyl phosphate) (provided with the
kit). The membrane was then exposed to Fuji XR film
with an intensifying screen. The smears of the autorad-
iogram were captured on an Image Master, and the
telomere length was then assessed quantitatively. Every
sample was measured in triplicate.

Terminal restriction fragment (TRF) length analy-

sis
Telomere length distribution was analyzed by com-
paring the telomere length using a telomere percentage

“analysis with three intervals of length as defined by a
molecular weight standard, Hind I1l-digested A phage

DNA, as previously described™. The intensity (photo-
stimulated luminescence: PSL) was quantified as fol-
lows: each telomeric sample was divided into grid
squares as follows according to the molecular size
ranges: >9.4, 9.4>>4.4 and >4.4kb. The percent of
PSL in each molecular weight range was measured
(%PSL=intensity of a defined region-backgroundx100/
total lane intensity-background). The percentage of PSL
in each molecular weight range was measured (%PSL
= intensity of a defined region — background x 100/
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total lane intensity - background). The mean TRF was
estimated using the formula S(ODi - background)/
S(ODi - background/Li)*", where ODi is the chemilu-
minescent signal and Li is the length of the TRF frag-
ment at position i.

RT-PCR analysis

Total RNA samples were extracted using RNAzol
B (Teltest). mRINAs for human TERT, telomerase RNA
component (TERC), and TRF1 and TRF2 were de-
termined by RT-PCR using a DIG detection system
(Roche Applied Science). Each human cDNA was pro-
duced by RT-PCR according to each human-derived
sequence, as follows: TERC forward primer: 5'-
TCTAACCCTAACTGAGAAGGGCGTAG-3,,

TERC reverse primer
S-GTTTGCTCTAGAATGAACGGTGGAAG-3/,
B-actin forward primer
5-CCTTCCTGGGCATGGAGTCCT-3"and
B-actin reverse primer

5’-GGAGCAATGATCTTGATCTTC-3’ were
used according to the published human TERT-cDNA
sequences?®2!, The TERC mRNA level was normal-
ized to the B-actin mRINA level in the same sample. The
PCR products were directly synthesized from 2pg of
total RNA isolated from each sample using the Super-
script one-step RT-PCR system with Platinum 7ag
(Invitrogen) and gene-specific primers according to the
recommendations provided by the supplier. The PCR
products were analyzed by agarose gel electrophoresis
(1.3%) followed by staining with ethidium bromide and
scanning with Gel-Doc (Bio-Rad). For semiquantitative
PCR, B-actin was used as an internal control to evaluate
total RNA input, as previously described by our group™2.

Western blot and other analyses

Cells from a dish were homogenized with 100l
lysis buffer (100mM Tris pH 6.8, 4% SDS, 20% glyc-
erol containing the protease inhibitor M
phenylmethanesulfonyl fluoride, 0.1mM, leupeptin,
0.1pl, and aprotinin, 0.1pl). Gel electrophoresis was
used to separate 10ug protein on a 10% SDS-poly-
acrylamide gel. Proteins were transferred to nitrocellu-
lose membranes (162-0112, Bio-Rad Labo-ratories,
Hercules, California) blocked with 5% dry milk or

blocking solution for Western blot (Roche). Membranes
were blocked and incubated with antibodies against
telomerase reverse transcriptase (TERT) (Rockland),
TRF1 (Imgenex), TRF2 (Cell Signaling), or B-actin
(Santa Cruz Biotechnology). Detection was performed
with secondary horseradish peroxidase-conjugated
antibodies (Chemicon) and the ECL detection system
as previously described!.

Telomerase activity

Telomerase activity was examined by means of a
modified telomerase repeat amplification protocol
(TRAP) method™! with TeloChaser (Toyobo, Osaka,
Japan) according to the manufacturer’s instructions.

Briefly, the substrate oligonucleotide is added to 0.5mg

protein extract. If telomerase is present and active,
telomeric repeats (GGTTAG) are added to the 3" end
of the oligonucleotide. After amplification, the PCR
products were resolved on a 12% polyacrylamide gel,
stained with ethidium bromide, and detected using a
FLA 5000 system (Fuji Film, Tokyo, Japan). The in-
tensities of the bands were quantified with Imaée J
(NIH). According to the manufacturer’s instructions,
the telomerase activities were calculated and presented
as TPG (Total Product Generated).

Statistical analysis

Assays were repeated three times and analyzed sta-
tistically. Intergroup comparisons were performed us-
ing an independent samples #-test and one-way
ANOVA. Paired samples were compared using the
paired #-test. Significance was defined as p-values of
<0.05. Group data are expressed as mean + standard
deviation. Statistical analyses were performed using the
SPSS 10.0 software package (SPSS, Chicago, IL).

RESULTS

The alteration of population doubling (PD) and the
induction of cell senescence after X-irradiation

The PD ofthe HUVECs was assessed on day 3 of
culture after X-irradiation. The PD appeared to de-
crease proportionally with the increasing dose of X-ray
(Figure 1a). The decreased PD indicated that cell
growth was suppressed by X-irradiation in a dose de-
pendent manner. Senescence-associated 3-galactosi-
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Figure 1 : The population doubling and the ratio of senescence-
associated B-galactosidase (SA-B-Gal) staining of HUVECs
cultured after X-irradiation; The PD after 3 days in culture.
b. The upper panels show the SA-B-Gal-stained cells (white
arrows) after different doses of X-irradiation. The lower panel
shows the percentages of the cells that were stained. *p<0.05
vs. 0Gy. “p<0.05 vs. 2Gy. $p<0.05 vs. 4Gy.

dase (SA-B-Gal) expression became higher as X-ray
dose increased (Figure 1b).

The alteration of the telomere lengths after X-ir-
radiation

The mean TRF of the cultured HUVECs on day 3
was measured to see how much X-irradiation affected
the telomeric DNA. Unexpectedly, the mean TRF level
became longer within the lower doses of X-ray, 2 and
4Gy (Figure 2a). In the telomere length distribution, the
longer telomeres were increasing and the shorter te-
lomeres were decreasing after 2Gy- or 4Gy-X-ray ir-
radiation (Figure 2b). This tendency disappeared in the
case of 8Gy (Figure 2b).

The alteration of the telomerase activity after X-
irradiation

The telomerase activity of HUVECs after 2Gy and

Reguler Peper

4Gy X-irradiation significantly decreased, however, did
not changed after 8Gy irradiation (Figure 3).

Expression of telomere-associated RNA and pro-
teins

The observation of telomere length change and the
elevated telomerase activity in the cells led us to exam-
ine whether the expression of RNA and proteins asso-
ciated with maintaining the telomere structure. The ex-
pression level of TERC did not change significantly af-
ter X-irradiation (Figure 4). The TERT protein expres-
sion tended to increase only after 4Gy irradiation, and
the expression level after 8Gy irradiation was similar to
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Figure 2 : The mean telomere length and the telomere length
distribution of HUVECs after X-irradiation; The mean
telomere lengths and a representative genomic Southern blot
result with telomere DNA probe are shown. b. The telomere
length distribution. The horizontal bars represent the standard
deviation. The Mspl-terminal restriction fragment lengths
are presented as the mean values + standard deviation. The
herizental bars represent the standard deviation.
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Figure 3 : The telomerase activity of endothelial cells after X-irradiation; The left panel shows the telomerase activity at
different doses of X-irradiation as the TPG (Total Product Generated) levels. The TPG is presented as a proportional ratio of
a ladder density of a sample to that at 0Gy. The left panel shows a photograph of representative TRAP assay result for HUVECs
after X-irradiation. The materials used for the positive control (pc) and negative control (nc) were provided with the kit.
*p<0.05 vs. 0Gy
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Figure 4 : The expression level for telomerase RNA component (TERC) and the expression levels of telomere-associated
proteins, TERT, TRF1 and TRF2. Representative (left) and summarized (right) results for the mRNA expression
(semiquantitative RT-PCR) of TERC and the western blot analysis of telomere-associated proteins (TERT, TRF1 and TRF2)
after X-irradiation are shown. The relative expression levels were determined compared to that of B-actin (set at 1). Horizontal
bars represent standard deviations. n=6. ** p<0.01 vs. 0Gy, #p<0.05 vs. 4Gy

the original level at 0Gy. On the other hand, the protein  coincide to the level of RNA or protein expression of
expressions of TRF1 and TRF2 increased significantly  telomerase components, either. Unexpectedly restored

after 8Gy irradiation. telomerase activity under X-irradiation was observed,
and it was accompanied by both of the increased levels
DISCUSSION of TRF1 and TRF2. This implies the possibility that the

levels of accessory components for telomerase activa-
In the present report, telomerase activity did not  tion, including not only TRF1 and TRF2 possibly but
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also others, are increased under X-irradiation. Such an
up-regulation of telomerase activity at X-irradiation
~ without an increase of RNA (TERC) or protein com-~
ponent (TERT) of telomerase has been reported.
Telomerase activity of leukemia cell lines has been en-
hanced under X-irradiation independently of TERC and
TERT transcription, and the inhibitors of transcription
or protein synthesis have erased the X-ray induced-
up-regulation of telomerase activity, implying that a cer-
tain positive regulator enhances telomerase activity by
X-irradiation®. Our case might be a similar case.
The radiation-associated alterations of telomere
length and telomerase activity have been described
mainly in cells with high telomerase activity such as in-
cluding cancer cells, tissue stem cells or cells transduced
with a TERT expression vector??!, In the present
study, a non-transformed somatic cell, HUVEC, was
used to analyze telomere-associated alterations induced
by X-irradiation. Aging-associated genomic changes
contain X-ray-induced mutations brought by natural en-
vironmental radiation. Vascular endothelium can be re-
garded as a representative tissue where aging-associ-
ated somatic change is prominent, i.e., atherosclerosis.
We chose HUVEC:S to assess if cellular damage in-
duced by ionizing radiation can be similar to aging-as-
sociated cellular changes in terms of telomeric changes.
In the present study cell growth was suppressed,
and cell senescence was induced, however, the telom-
ere length was seemingly elongated after X-irradiation.
The X-ray-associated changes in the telomere length
distribution were not similar to those observed in pe-
ripheral blood leukocytes of aged people, whose mean
TREF shortens, longer telomeres decrease and shorter
telomeres increase in comparison with young people®.
From this view, the survived cells seemingly bore rather
younger patterns of the telomere length distribution than
non-irradiated control cells. Moreover, the mean te-
lomere length did not coincide to the telomerase activ-
ity, and telomere elongation was observed even with
telomerase activity lowered by X-irradiation. Together
with the reduction of the proportional amount of short
telomeres, the apparent X-ray-associated-elongation
oftelomere length was not likely induced by the activa-
tion of telomerase but by loss of cells bearing short te-
lomeres. Cells bearing short telomeres were old cells
having experienced many cycles of mitosis, which were
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more fragile to X-irradiation than young cells bearing
long telomeres.

The present results suggested that the endothelial
cells bearing long telomeres could survive after X-irra-
diation, and the cells bearing short telomeres, which
could be regarded as old cells, were fragile to X-ray
exposure. However, the X-ray resistance of the cells
with long telomeres was lost at 8Gy irradiation, as the
pattern of the telomere length distribution of 8Gy ap-
peared to return to a pattern similar to that of 0Gy.
Telomerase activity was suppressed after X-irradiation
at lower doses, 2Gy and 4Gy, and recovered to a con-
trol level at 8Gy. This fluctuation of telomerase activity
coincided neither with the TERT RNA amount, nor with
the TERC RNA amount, nor with the TERT protein
level. It seems that a lower dose of X-ray suppressed
the cell growth and lowered the telomerase activity of
most cells, and at a higher dose only cells with a poten-
tial to induce higher telomerase activity could survive.
The TERC expression level was not changed after any
dose of X-irradiation. The TERT protein level was kept
ata similar level to a control level after 8Gy irradiation.
The TERT protein level at 8Gy was significantly lower
than that at 4Gy, whereas the telomerase activity was
higher at 8Gy than at 4Gy. After X-irradiation, the
telomerase activity seemed not to be controlled quanti-
tatively by the TERC RNA level or the TERT protein
level. We analyzed some telomere-associated proteins
to pursue the hints for the paradoxically elevated te-
lomere-elongating activity. The amount of telomere-as-
sociated proteins, TRF 1 and TRF2, were elevated at
8Gy irradiation. The increase of these co-factors might
lead to the elevation of telomerase activity even witha
decreased amount of TERT protein at 8Gy. The in-
creases of TRF1 and TRF2 might be induced by cellu-
lar protective mechanism in jeopardized cells, so-called
hormesis effects. TRF1 has been reported to negatively
control the telomerase-associated telomere length main-
tenancePY, Under telomere-erosive conditions, how-
ever, TRF 1 can contribute to telomere stability®32,
TRF2 is associated with stabilizing the telomere struc-
tureP33, The TRF1 and TRF2 expression levels were
maintained within the normal or elevated to a higher
range after X-irradiation. While the X-ray-irradiation
seemed to impair the telomere length maintenance, the
expression of TRF1 and TRF2 may contribute to
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telomerase activation possibly with other telomere- or
telomerase-associated factor(s) rather for cell survival
than elongating telomeres. Our observation of the para-
doxical enhancement of the telomerase activity may
therefore be a pivotal step for the understanding of cell
protection under genotoxic condition with X-irradia-
tion. Somatic cells with highly elevated telomerase ac-
tivity can survive through X-ray exposure, but may lead
to tumorigenesis at a later stage?®*!, The cellular
mechanism(s) responsible for the protective enhance-
ment in the telomerase activity of somatic cells injured
by X-ray irradiation will need to be elucidated in fur-
ther studies. Alterations in the behaviors of the telom-
ere structure-associated components in vascular endot-
helial cells exposed to X-ray also warrant further in-
vestigation.
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